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Introduction 

The  intracellular  breast  tumor  kinase  Brk  (also  called  Sik  or  PTK6)  was  identified  in  a 
human  metastatic  breast  tumor  in  a  screen  for  protein  tyrosine  kinases  involved  in  breast  cancer 
[1],  from  the  mouse  small  intestine  in  a  screen  for  factors  that  regulate  epithelial  cell 
differentiation  [2],  and  from  cultured  human  melanocytes  [3].  Brk  is  expressed  in  many  breast 
carcinoma  cell  lines  and  in  a  high  percentage  of  primary  breast  tumors  that  have  been  examined, 
but  it  has  not  been  detected  in  normal  human  breast  tissue  [1,4],  or  at  any  stage  of  mammary 
gland  differentiation  in  the  mouse  [5].  Brk  is  expressed  in  skin  and  throughout  the  human 
gastrointestinal  tract  and  moderate  increases  in  Brk  levels  were  detected  in  colon  tumors  [5].  In 
healthy  epithelial  linings,  expression  of  Brk  correlates  with  cell  differentiation. 

Substrates  identified  for  Brk  include  the  novel  adaptor-like  protein  BKS  [6]  and  the  nuclear 
RNA-binding  protein  Sam68  [7].  Sam68  is  a  member  of  the  STAR  family  of  KH-domain 
containing  RNA-binding  proteins  that  regulate  RNA  metabolism  [8].  In  cancer  cell  lines  Sam68 
is  localized  to  unique  nuclear  structures  termed  Sam68/SLM  nuclear  bodies  (SNBs)  [9].  After 
stress  such  as  heat  shock,  Sam68  can  also  be  found  in  stressed  induced  nuclear  bodies  [10]. 
Although  Sam68  can  be  phosphorylated  by  other  intracellular  tyrosine  kinases,  only  Brk  has 
been  shown  to  colocalize  with  Sam68  in  the  nucleus  [7]. 

Several  studies  indicate  that  Sam68  regulates  RNA  metabolism.  Sam68  was  found  to  act 
as  a  functional  homologue  of  the  human  immunodeficiency  virus  type  1  (HIV1)  Rev  protein, 
which  transports  RNA  from  the  nucleus  to  the  cytoplasm  [11,  12].  We  showed  that  Brk 
phosphorylation  of  Sam68  inhibits  its  ability  to  bind  RNA  and  to  function  as  a  cellular  Rev 
homologue  [7].  Sam68  has  been  shown  to  influence  the  utilization  of  specific  RNAs  in  the 
cytoplasm  and  this  is  also  functionally  regulated  by  Brk  [13].  In  addition,  Sam68  co-localizes 
with  and  associates  with  RNA  splicing  factors  [10,  14],  and  was  recently  shown  to  be  a  regulator 
of  alternative  splicing  [15]. 

The  ability  of  Brk  to  negatively  regulate  the  RNA-binding  activities  of  Sam68  may  have 
an  impact  on  cell  growth  and  differentiation.  It  has  been  suggested  that  RNA-binding  functions 
of  Sam68  positively  regulate  cell  growth  because  a  variant  of  Sam68  lacking  a  functional  KH 
domain  inhibits  cell  cycle  progression  [16].  Sam68  is  also  a  direct  target  of  Cdc2  during  mitosis 
[17]  and  an  extracellular  signal-regulated  kinase  (ERK)  target  [15]. 


While  localized  in  the  nucleus,  Brk  can  phosphorylate  and  inhibit  Sam68.  However,  when 
Brk  is  excluded  from  the  nucleus  it  may  facilitate  signaling  by  the  ErbB  family  of  receptor 
tyrosine  kinases.  Ectopic  expression  of  Brk  sensitized  the  mammary  epithelial  cells  to  epidermal 
growth  factor  (EGF),  and  improved  their  growth  in  response  to  EGF  stimulation  [18].  Brk 
appeared  to  associate  with  the  EGF  receptor  (ErbBl)  in  mammary  epithelial  cells  in 
coimmunoprecipitation  experiments,  although  the  tyrosine  phosphorylation  of  ErbB  1  was  not 
altered  in  cells  overexpressing  Brk  [18].  Brk  expression  in  mammary  epithelial  cells  also 
enhanced  tyrosine  phosphorylation  of  the  ErbB3  receptor  when  cells  were  treated  with  EGF  [19]. 

Recently,  two  Sam68-like-mammalian  proteins,  SLM-1  and  SLM-2  were  identified  [20]. 
SLM-1  and  SLM-2  have  characteristic  Sam68  SH3  domain  binding  sites.  In  addition, 
ectopically  expressed  SLM-1  and  SLM-2  colocalize  with  endogenous  Sam68  in  Sam68  nuclear 
bodies  (SNBs)  in  cancer  cell  lines  [9].  The  roles  of  Sam68  and  the  related  proteins  SLM1  and 
SLM2  have  not  been  studied  in  breast  cancer.  Since  Brk  is  aberrantly  expressed  in  Brk  cancers, 
we  hypothesized  that  inappropriate  phosphorylation  of  Brk  substrates  such  as  Sam68,  SLM1  and 
SLM2  may  contribute  to  the  development  of  breast  cancer. 

BODY 

The  goal  of  our  grant  is  to  characterize  RNA-binding  protein  substrates  of  Brk  and  to  determine 
the  biological  significance  of  phosphorylation  of  these  substrates  in  breast  cancer.  During  the 
past  year  of  funding  we  have  determined  that  wildtype  Brk  and  Brk  with  a  mutation  of  its 
carboxy  terminal  tyrosine  Y447  to  F  (Brk  Y-F)  phosphorylate  SLM-1  and  SLM-2  in  mammary 
gland  epithelial  cells.  We  found  that  Brk  Y-F  is  much  more  effective  at  phosphorylating  all  of  its 
STAR  family  protein  substrates.  It  was  demonstrated  that  mutation  of  this  C-terminal  tyrosine 
increases  enzyme  activity  and  SH2  domain  accessibility,  consistent  with  a  role  for  the  carboxy 
terminal  tyrosine  in  autoinhibition  [7,  21].  We  examined  localization  of  the  transfected  proteins 
using  confocal  microscopy  and  we  discovered  that  the  mutated  activated  form  of  Brk  is  more 
concentrated  in  the  nucleus,  which  may  also  enhance  its  ability  to  phosphorylate  nuclear 
substrates.  We  determined  that  there  are  a  number  of  possible  additional  substrates  for  Brk  that 
co-immunoprecipitate  with  activated  Brk,  in  mammary  epithelial  cells.  In  addition  to  Sam68, 
several  unidentified  tyrosine  phosphorylated  proteins  also  associate  with  Brk. 
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Work  proposed  in  the  Idea  grant  (taken  from  technical  abstract  of funded  proposal) 

We  hypothesize  that  induction  of  Brk  in  breast  tumors  leads  to  modification  of  STAR 
family  proteins  resulting  in  changes  in  gene  expression  that  contribute  to  development  of  breast 
cancer.  To  test  this,  we  will  examine  expression  and  phosphorylation  of  STAR  protein  substrates 
of  Brk  in  normal  and  cancerous  breast  cells  (Aims  1  and  2).  Then  we  will  determine  if  altering 
Brk  activity  results  in  changes  in  RNA  or  protein  expression,  and  if  these  changes  require 
functional  STAR  proteins  (Aim  3).  The  proposed  experiments  will  enhance  our  understanding  of 
Brk  signaling  and  the  STAR  proteins  in  breast  tumors.  Brk  and/or  factors  regulated  by  the  Brk 
signaling  pathway  may  provide  therapeutic  targets  for  the  treatment  of  breast  cancer. 

Key  Research  Accomplishments 

Using  cotransfection,  immunoprecipitation,  and  immunoblotting,  we  have  determined  that 
Brk  efficiently  phosphorylates  SLM-1  and  SLM-2  in  mammary  gland  epithelial  cells.  Following 
transfection  of  normal  murine  mammary  gland  epithelial  cells  with  either  wildtype  Brk  and  Brk 
Y-F,  and  GFP-tagged-SLMl  and  GFP-SLM2,  the  phosphorylation  status  of  the  proteins  was 
determined  following  SDS-PAGE  and  immunoblotting  using  anti-phosphotyrosine  antibodies 
(Figure  1).  The  GFP-tagged  proteins  are  clearly  phosphorylated  when  coexpressed  with  Brk. 
Of  note,  the  Brk(Y -F)  construct  with  mutation  of  the  terminal  tyrosine  447  is  more  effective. 

Using  confocal  microscopy,  we  examined  localization  of  transfected  proteins  and  protein 
tyrosine  phosphorylation  using  antibodies  specific  for  GFP,  anti-phosphotyrosine,  and  Brk 
(Figures  2  and  3).  The  RNA-binding  proteins  Sam68,  SLM1,  and  SLM2  always  show  nuclear- 
specific  localization.  Interestingly,  following  transfection  of  wildtype  Brk  and  Brk  (Y-F),  we 
noticed  differences  in  the  intracellular  localization  of  phospho-tyrosine  specific 
immunoreactivity.  Transfection  of  wildtype  Brk  leads  to  phosphorylation  of  cytoplasmic  and 
nuclear  proteins,  while  the  Brk  Y-F  construct  is  more  nuclear  specific  and  phospho-tyrosine 
immunoreactivity  is  concentrated  in  the  nucleus.  An  example  of  the  differences  in  localization 
of  wildtype  Brk  and  Brk  Y-F  activity  is  shown  for  a  series  of  transfection  experiments  with  GFP- 
tagged  SLM2  (Figure  2). 

To  further  examine  differential  intracellular  localization  of  Brk,  NMuMG  cells  were 
transfected  with  wildtype  Brk,  kinase  defective  Brk  (Brk  K-M)  and  Brk  Y-F  expression 
constructs,  and  cells  were  fractionated  and  proteins  were  isolated  from  nuclear  versus 
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membrane/cytoplasm  fractions.  Immunoblotting  with  Brk  antibodies  demonstrated  that  Brk  Y-F 
is  more  concentrated  in  the  nucleus  than  wildtype  Brk.  Thus  Brk  Y-F  has  greater  access  to  its 
nuclear  substrates  and  may  be  retained  in  the  nucleus  through  SH2/SH3  domain  mediated 
interactions  (Figure  3). 

To  study  Brk  regulation  of  gene  expression  in  mammary  gland  epithelial  cells,  we  generated 
stable  cell  lines  expressing  the  different  Brk  expression  constructs.  However,  kinase  activity  of 
Brk  in  these  cell  lines  is  repressed.  In  transient  transfection  assays,  we  find  peak  Brk  kinase 
activity  at  24  hours  post  transfection.  By  48  hours,  Brk  kinase  activity  levels  are  greatly  reduced 
although  protein  expression  levels  increase.  This  indicates  that  mammary  gland  epithelial  cells 
have  a  mechanism  for  inhibiting  Brk  kinase  activity,  which  may  be  disrupted  in  breast  cancer. 
Current  efforts  are  directed  at  development  of  inducible  expression  systems.  We  are  also 
performing  transient  transfection  studies  with  Sam68  alone  and  in  combination  with  the  various 
Brk  expression  constructs,  and  examining  patterns  of  gene  and  protein  expression.  Following 
transfection  of  NMuMG  cells  with  Brk  expression  constructs  we  detect  phosphorylation  of  a 
number  of  proteins  (Figure  4).  Wildtype  Brk  and  Brk  Y-F  phosphorylate  endogenous  Sam68  in 
NMuMG  cells.  In  addition  there  are  several  novel  proteins  that  are  phosphorylated,  and  many  of 
these  coimmunoprecipitate  with  Brk.  A  goal  of  the  coming  year  will  be  to  identify  some  of  these 
novel  substrates  and  to  determine  if  Sam68  modulates  their  expression. 
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FIGURE  1 
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Figure  1.  Brk  phosphorylates  the  STAR  Proteins  SLM-1  and  SLM-2  in  NMuMG  cells. 

GFP-tagged  SLM1  (A)  or  SLM2  (B)  was  cotransfected  with  wildtype  Brk,  Brk  Y-F  or  empty 
expression  vector.  Total  cell  lysates  were  resolved  by  SDS  PAGE  and  immunoblotting 
experiments  were  performed  with  the  indicated  antibodies.  Tyrosine  phosphorylation  of  GFP- 
tagged  SLM1  and  SLM2  is  detectable  with  anti-phospho tyrosine  antibodies  (anti-PY-20)  in  cells 
expressing  Brk.  Controls  examining  expression  of  the  transfected  proteins  are  shown  at  the  right. 
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FIGURE  2 
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Figure  2.  Wildtype  Brk  and  Brk  Y-F  phosphorylate  nuclear  proteins  that  colocalize  with 
GFP-SLM2  within  the  nucleus. 

NMuMG  cells  were  transfected  with  GFP-SLM2  and  wildtype  Brk  (A-D),  GFP-SLM2  and  Brk 
Y-F  (E-H),  GFP-SLM2  and  kinase  defective  Brk  K-M  (I-L),  or  the  GFP  expression  vector 
pEGFP-Cl  and  pcDNA3  (M-P).  Cells  were  fixed  24  hours  after  transfection  and  tyrosine 
phosphorylated  proteins  were  localized  using  anti-phosphotyrosine  antibodies  (B,  F,  J  ,  N). 
DAPI  was  used  to  stain  the  nuclei  (D,  H,  L,  P).  In  NMuMG  cells,  SLM2  displays  diffuse, 
nuclear  localization  visible  by  green  fluorescence  (A,  E,  I).  Cells  cotransfected  with  GFP-SLM2 
and  wild  type  Brk  or  Brk  Y-F  also  stain  strongly  with  the  anti-phosphotyrosine  antibody 
visualized  using  rhodamine  (B,  F),  while  no  phosphotyrosine  is  detected  in  cells  expressing 
kinase  defective  Brk  K-M  (J).  Interestingly,  phosphotyrosine  immunoreactivity  is  seen  in  the 
cytoplasm  and  at  the  membrane  when  wildtype  Brk  is  transfected  into  the  cells,  but  only  in  the 
nucleus  following  transfection  of  Brk  Y-F.  Panels  C,  G,  K,  and  O  are  composites  demonstrating 
colocalization  that  appears  yellow.  GFP  alone  is  expressed  throughout  the  cell  (M),  and  is 
negative  for  anti-phosphotyrosine  staining  (N).  Bars  represent  5  micrometers. 


-9- 


FIGURE  3 


A  Vector  WTBrk  Brk  K-M  Brk  Y-F 

N  MC  N  MC  N  MC  N  MC 

KDa 


106-  ,**«*«»  Spl 

55.  — —  —  •*—  a-Tubulin 

44  -  —  — »  —  —  Erkl 

B  pcDNA3  WTBrk  Brk  K-M  Brk  Y-F 


% 


Figure  3.  Intracellular  localization  of  wildtype  (WT),  kinase  defective  (K-M)  and  activated 
(Y-F)  Brk  in  transfected  NMuMG  cells.  A)  Transfected  NMuMG  cells  were  fractionated  into 
nuclear  and  membrane/cytoplasmic  fractions  and  localization  of  transfected  Brk  protein  was 
examined  by  immunoblotting.  A  greater  proportion  of  Brk  Y-F  is  found  in  the  nucleus.  B) 
Localization  of  transfected  Brk  protein  was  examined  using  immunohistochemistry  and  confocal 
microscopy.  Brk  Y-F  exhibits  increased  nuclear  localization. 
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FIGURE  4 
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Figure  4.  Phosphorylation  of  proteins  by  Brk  in  NMuMG  cells.  Empty  vector  (pcDNA3), 
wildtype  (WT),  kinase  defective  (KM)  and  activated  (YF)  Brk  were  transfected  into  NMuMG 
cells.  Total  cell  lysates  were  isolated  and  phosphorylation  of  proteins  following  introduction  of 
Brk  was  examined  by  immunoblotting  with  antibodies  against  phosphotyrosine.  Transfected  Brk 
protein  was  also  immunoprecipitated  and  tyrosine  phosphorylated  Brk  associated  proteins  were 
visualized.  Sam68  is  one  of  the  proteins  that  is  tyrosine  phosphorylated  by  Brk  and 
coimmunoprecipitates  with  Brk.  However  other  potential  substrates  and  associated  proteins 
remain  unidentified. 
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Reportable  Outcomes 

During  the  second  year  of  funding  we  have  further  examined  the  abilities  of  Brk  to  regulate 
STAR  family  RNA-binding  proteins.  Brk  is  able  to  phosphorylate  Sam68,  SLM1  and  SLM2  in 
mammary  gland  epithelial  cells.  We  found  that  mutation  of  the  carboxy  terminal  tyrosine  results 
in  increased  nuclear  localization  of  Brk,  which  may  contribute  to  its  increased  ability  to 
phosphorylate  SLM  proteins.  During  the  first  year  of  funding  we  determined  that  only  Sam68  is 
expressed  at  significant  levels  in  normal  mammary  gland  and  in  breast  tumor  cell  lines  (AIM  1). 
SLM1  and  SLM2  have  much  more  restricted  patterns  of  gene  expression  than  Sam68,  and  SLM2 
appears  to  be  testes-specific.  We  have  made  progress  in  examining  expression  of  other  Brk 
regulated  proteins  in  mammary  gland  epithelial  cells.  Phosphorylation  of  a  number  of  proteins 
increases  upon  overexpression  of  activated  Brk  Y-F  and  efforts  are  underway  to  identify  proteins 
that  co-immunoprecipitate  with  Brk. 

A  manuscript  describing  results  of  our  studies  addressing  experiments  outlined  in  Aim  1  and  3  is 
in  preparation  and  will  be  submitted  shortly. 
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In  related  studies,  a  manuscript  describing  the  functions  of  Brk/Sik  and  related  kinases  in  growth 
control  has  been  published. 

Serfas  M.S.  and  A.  L.  Tyner.  2003.  Brk,  Srm,  Frk,  and  Src42A  form  a  distinct  family  of  intracellular  Src- 
like  tyrosine  kinases.  Oncology  Res.  13, 409-419. 

The  following  abstract  was  presented  at  the  2002  ERA  OF  HOPE  Department  of  Defense  (DOD) 
Breast  Cancer  Research  Program  (BCRP)  Meeting  in  Orlando,  Florida: 

Angela  L.  Tyner,  Stephane  Richard,  Jason  J.  Derry,  Xin  Ye,  and  Wenjun  Bie.  The  breast  tumor  kinase 
Brk  is  a  nuclear  tyrosine  kinase  that  phosphorylates  and  regulates  the  RNA-binding  protein  Sam68  and 
the  Sam68-like  mammalian  proteins  SLM-1  and  SLM-2 
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Conclusions 

We  are  investigating  the  role  of  Brk  in  the  etiology  of  breast  cancer.  Over  the  past  year  we 
have  made  the  important  finding  that  intracellular  localization  may  be  an  important  regulator  of 
Brk  signaling.  Brk  is  not  myristoylated  and  not  targeted  to  the  membrane  like  members  of  the 
Src  family.  In  transfection  experiments  we  found  that  Brk  efficiently  enters  the  nucleus  where  it 
can  phosphorylate  and  inhibit  RNA-binding  proteins  of  the  STAR  family.  Over  the  last  year  we 
have  determined  that  mutation  of  the  carboxy-terminal  tyrosine  of  Brk  not  only  prevents 
negative  regulation  of  the  enzyme  by  tyrosine  phosphorylation,  but  may  also  alter  intracellular 
localization  of  a  pool  of  the  protein.  Intracellular  localization  of  Brk  in  breast  cancers  may 
influence  its  ability  to  regulate  tumor  development. 

We  have  completed  specific  aim  1  and  are  currently  completing  experiments  outlined  in 
aims  2  and  3  of  the  original  proposal,  with  a  focus  on  Sam68,  the  only  STAR  protein  that  we 
found  to  be  expressed  at  significant  levels  in  mammary  gland  epithelial  cells. 


ABBREVIATIONS 

Brk:  Breast  Tumor  Kinase 

NMuMG:  Normal  Murine  Mammary  Gland 

Sam68:  Src-associated  in  mitosis,  68  kDa 

Sik:  Src-related  intestinal  kinase  (original  name  for  mouse  Brk) 

SLM- 1 :  Sam68-like-mammalian  protein- 1 

SLM-2:  Sam68-like-mammalian  protein-2 

SNBs:  Sam68/SLM  Nuclear  Bodies 

STAR:  Signal  Transducers  and  Activators  of  RNA 
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